C 7 H 16 and (C S H 8 0 2 )n] in free, radiating, boundary layer, diffusion flames are represented analytically. Approximate particle concentrations and size distributions, determined with previously reported optical techniques, are used. These sizes, r -30 nm, indicate the particles are in the free molecular flow regime, Kn -10, so that the thermal boundary layer thickness around the particle approaches zero and the particle temperature is locked to the local gas temperature. Based on this coupling and the experimental -soot fv -1 ppm, the optically thin approximation is valid for incorporating soot radiation in the gas boundary layer equations. The pertinent fields, i.e. tpmperature, velocity and species, are reported. Thermophoretic forces are included in particle trajectory calculations. The local soot mass flow rates within the boundary layer are derived and net soot mass generation rates are obtained for these well characterized laminar flames. An Arrenhius expression appears to suffice to describe the temperature dependence of the soot growth rate over a 400 0 K temperature range, 19S0 < T < 23S0K. Toluene has Ea = 108 kcal/mole while all the other fuels examined have Ea = 86 kcal/mole, very close to H3C -C6HS and C-C bond energies, respectively. Consistent with the goal of fire radiation prediction, calculated temperatures and velocities were used to obtain these empirical energies. Temperature and velocity measurements are in progress. Future work will include mixed flow boundary layer systems where control over the free stream oxygen mass fraction in a combustion tunnel configuration provides greater flame stability and a wider temperature range.
Introduction
The growth rate of full scale fires and hence their hazard is primarily controlled by the rate of heat transfer from the flames (1) . This heat transfer is in turn dominated by flame radiation (2) . It has been shown that CO 2 and H 2 0 emission is negligible compared with soot emission (3) which is characterized by fv' the fraction of the flame volume occupied by solid carbon particles (4) . While much progress has been made in developing procedures for calculating flame radiation (5, 6) , it is not possible to predict fv in fires because the soot formation and destruction mechanisms have not been quantified (7) . It is therefore necessary to measure ~ situ flame carbon particles. Probe sampling techniques significantly perturb the flames so that the sampled particles are not representative of the undisturbed flames unless carefully designed free molecular skimmers are used (8) . Because of these difficulties, several optical techniques have evolved for ~ situ detection of carbon particles (9) (10) (11) (12) (13) (14) (15) (16) . While a concensus is yet to be obtained concerning optical properties (17) (18) (19) (20) (21) , size distribution forms (22) , particle shape (23), agglomeration rates (24) and even extinction or scattering coefficients (14, 15, 25) , it is apparent that optical techniques have some advantages over intrusive sampling.
In the following sections: the optical technique used is briefly described along with the fv data, the particle temperature is shown to be identical with the local gas temperature, the variable fields around the particles are given, particle trajectories are calculated including thermophoretic effects, the soot mass flow and net generation rates are obtained, (1) o max max which has been shown to agree well with other assumptions (14, 22) .
Integration gives (2) The authors claim no great advantage for this technique over several good alternate methods (9) (10) (11) (12) (13) . It has been suggested (19, 20) that the old optical properties of Dalzell and Sarofim (18) are low by approximately 30% due to void fractions in their compressed soot samples. The new refractive indices of Lee and Tien (17) , which are higher by -30%, were used here in the full Mie extinction theory. Attempts to approximate the extinction coefficient usually overestimate fv (14, 15) . The criticism (21) that Lee and Tien's optical properties do not hold in the ultraviolet is correct (26) . However, this is an optional consequence of intentionally eliminating ~ electrons in their dispersion theory to significantly reduce the number of parameters. Their accuracy at longer wavelengths (15, 17, 26) is excellent since their optical properties are based on transmission and emission measurements for large C/H ratio ~ situ diffusion flame soot in the visible and infrared.
The volume fraction profiles shown in Fig. 2 are a small portion of the available data (27, 28) . At each point, a size distribution in the form of Eq.
(1) has been obtained from -300 laser extinction measurements at ) 3 visible wavelengths. The largest source of error is the slight unsteady fluctuation 2a The fits smooth the data for use in the generation calculations. They also provide convenient presentation of the detailed profiles at 2 cm downstream increments throughout the boundary layer for all six fuels. The fuels for which few increments are given were either too sooty or too unstable to monitor in more detail.
The size data give most probable radii, 20 nm ( rmax ( 40 nm. Throughout the soot region the gas mean free path, A, varies from 400 nm to 600 nm, so that the Knudsen numbers, A/2r, vary from 5 to 15, all » 1 and well within the free molecular regime. This has the important consequence of locking soot particle temperatures to the local gas temperatures. In free molecular flow, gas molecules have direct access to the surface and a thermal boundary layer around the particle cannot exist. This produces a limiting case of infinite Riot number, i.e. Os + 0 and h -kg/Os + ~ so that Bi = hr/ks +~. In addition, the particles are so small that their thermal inertia + O. Thus the particles are strongly coupled energetically to the gas and local thermal equilibrium, i.e. Ts = Tg within « 1%, exists. Quantitative calculations (28) using free molecular transport expressions (29) The fact that the soot temperature is the gas temperature permits inclusion of soot radiation in the gas energy equation 
Thermophoresis, Trajectories and Generation Rates
The presence of strong transverse temperature gradients in the boundary layer gives rise to thermophoretic forces. Nondimensionalizing the force balance on the particle shows that the characteristic momentum relaxation time is of 0(10-8 ) sec, thus the force balance is quasi-steady. Equating the thermophoretic force on a soot particle of radius r in a temperature gradient vT given by Eq. (15) of Talbot (36) with the viscous force from his Eq. (lIb)
gives the particle velocity relative to the gas,
The constants (36) • dA (5 ) where Ps is the soot density, here taken as 1.8 gm/cm 3 (37), and i indexes all generation and destruction processes. The system is steady, so the first term on the right goes to zero. Now adopt a two-dimensional control volume bounded by the pyrolysing fuel surface, by planes normal to that surface at Xo and xl'
and by the flame sheet. There is no contribution to the control surface integral from the fuel or flame surfaces since fv = 0 there, so that the net soot generation is the difference in the flux through the Xl and Xo planes,
i . e. , Xo a 1 a Xo (6) The size dependent thermophoretic force is-eliminated by the dot product and only the x-velocity enters this equation. Table II, Table II are the calculated temperatures at the Yi and Yo listed in Table I . The lower temperatures are in regions where soot has been convected; soot generation probably does not occur below lSOOoK (38) .
It is hoped that the net generation rates can be calculated from global A range of a and b were considered and a = 0, b = 1 emerged as providing the best fit. The change in fv between the x stations along an average par-
• ticle trajectory gives fv as (8) where ~s is the distance along trajectories which lie near constant y lines so that only small variations are averaged in urn' Y fm and Tm. The good agreement between the data and the functional form of Eq. (7) is shown by the linearity and tightness of the data in Fig. 5 for iso-octane and n-heptane.
The temperature range of this fit is given over each increment in columns 5 Nearer the fuel surface, in the region containing older particles, the . data deviate from the Arrhenius form, i.e., fv is substantially larger than the fit at lower temperatures, suggesting different mechanisms may be operative. Net generation rates predicted using these Ea agree well with the values obtained from the flux balances shown in column 8 of Table II .
Conclusion
In summary, soot volume fraction data on six fuels [C 7 H 8 , C 6 H 10 , C 8 H 18 , C 6 H 12 , C 7 H 16 and (C 5 H 8 0 2 )n J in free, radiating, boundary-layer diffusion flames have been fit with analytic expressions. In addition to volume fraction data, approximate particle concentrations and size distributions were determined with optical techniques previously reported. These sizes, r -30 nm, ;
indicate the particles are in the free molecular flow regime, Kn -10, so that the thermal boundary layer thickness around the particle Os + 0 and the particle temperature is locked to the local gas temperature. Based on this coupling and the experimental soot fv -1 ppm, the optically thin approximation is valid for incorporating the local particle radiation in the governing 9 boundary layer equations for the gas. All pertinent fields, i.e. temperature, velocity and species, were calculated (28).
Recently developed expressions for thermophoretic forces were used to find the particle trajectories. The local soot mass flux within the boundary layer was derived and the net soot mass generation rates were obtained for PMMA (v), n-heptane .), iso-octane (0), cyclohexene (t.). This is consistent with measured sizes and concentrations. .,
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